The bHLH transcription factor Olig2 is expressed in cycling neural progenitor cells but also in terminally differentiated
Introduction
During embryonic CNS development, the bHLH transcription factor Olig2 functions to prevent premature cell cycle exit and sustains the replication of multipotent progenitor cells that give rise to neurons, such as motor neurons of the spinal cord Zhou and Anderson, 2002) . At later developmental stages, Olig2 is required for specification of the oligodendrocyte lineage in spinal cord and brain Zhou and Anderson, 2002) . Curiously, Olig2 is expressed at all stages of oligodendrocyte development from replication-competent progenitor cells to terminally differentiated, myelinating oligodendrocytes of the postnatal brain Zhou et al., 2000) . Sustained expression of Olig2 in mature white matter is in marked contrast to other, purely neurogenic, bHLH transcription factors that are expressed in progenitor cells but never in mature neurons (Ross et al., 2003) . How are the early functions of Olig2 in cell cycle control and fate choice of neural progenitors suppressed in mature white matter?
In previous studies, we described a developmentally regulated phosphorylation motif at positions S10, S13, and S14 in the amino terminus of Olig2 . This triple serine motif of Olig2 is phosphorylated in cycling neural stem cells and oligodendrocyte progenitor cells, but not in mature oligodendrocytes of postnatal white matter. Developmental control of this phosphorylation motif provides a potential means of regulating transcriptional functions of Olig2 during development. However, the location of the triple serine motif relative to the canon-ical, DNA-targeting bHLH motif of Olig2 gives rise to a mechanistic issue. Transcription factors within the bHLH family typically function as homodimers or heterodimers to bind canonical E-box promoter elements at target loci. Olig2 and also other bHLH factors (e.g., Neurogenin and Twist) have phosphorylation sites within the bHLH domain that regulate dimerization and interactions with key coregulator proteins (Firulli et al., 2007; Ma et al., 2008; Li et al., 2011) . However, it is not self-evident how the phosphorylation state of the Olig2 triple serine motif, located Ͼ100 amino acids proximal to the DNAtargeting bHLH domain, might regulate these functions.
Beyond merely marking replication-competent, developmentally uncommitted, neural progenitors, phosphorylation of Olig2 at S10, S13, and S14 stimulates proliferation of these cells . The mitogenic function of the triple phosphoserine motif reflects, at least in part, an oppositional relationship to p53 . Wild-type Olig2 and a triple phosphomimetic Olig2 (wherein negatively charged aspartate or glutamate residues are substituted for the three serines) suppress p53-mediated responses to ␥ irradiation and genotoxic drugs. By contrast, a triple phospho-null mutant of Olig2 (wherein neutral glycine or alanine residues replace the three serine residues) is equivalent to the Olig2-null state with respect to p53 function . The oppositional relationship between phosphorylated Olig2 and p53 has practical overtones for malignant glioma. We and others have shown that Olig2 is expressed in multiple grades of human glioma (Lu et al., 2001; Marie et al., 2001; Bouvier et al., 2003; Ohnishi et al., 2003; Ligon et al., 2004) and is essential for gliomagenesis in murine models of glioma (Ligon et al., 2007; Bao et al., 2008; Appolloni et al., 2012; Barrett et al., 2012) . Studies with a "genetically relevant" murine model of high-grade human glioma point to the phosphorylated Olig2 as the active isoform in tumor formation and suppression of p53 function. Moreover, phosphorylated Olig2 is present in human gliomas .
In studies summarized here, we address a fundamental question about the promitogenic, anti-p53 functions of phosphorylated Olig2. Are these phosphorylation state-dependent biological activities of Olig2 actually linked to its bHLHmediated activities as an E-box binding transcription factor? We first show that the promitogenic, anti-p53 functions of phosphorylated Olig2 do indeed require its transcriptional functions. However, the major impact of the triple serine motif phosphorylation state is not on E-box binding, but rather, on segregation of Olig2 within the nucleus into separate compartments of transcriptionally active (open) and relatively inactive (condensed) chromatin.
Materials and Methods
Animal procedures, tissue harvest, and cell culture. Animal husbandry was performed according to Dana-Farber Cancer Institute guidelines under Institutional Animal Care and Use Committee-approved protocols. The strains used have been described previously . Neural progenitor cells were isolated from the lateral ganglionic eminence of E13.5 embryos of either sex from timed-pregnant mice using techniques previously described (Qian et al., 1998) . Cells were expanded as spheres in tissue culture dishes coated with poly(2-hydroxyethyl methacrylate) (Sigma) or grown as adherent cultures on laminin (Sigma) in DMEM and F12 supplemented with B27 and N2 (Invitrogen) in the presence of 20 ng/ml EGF (Millipore) and 20 ng/ml bFGF (Millipore) (Ligon et al., 2007; Sun et al., 2011) . To induce neural progenitor cell differentiation, EGF and bFGF were withdrawn and cells were allowed to differentiate for 16 h in media containing DMEM, F12, and B27 supplement. Neural progenitor cell lines transduced with retroviruses containing various constructs of Olig2 were maintained in media as described above, in the presence of 2 g/ml blasticidin.
Retroviral vectors and virus production. Olig2 constructs containing triple phosphorylation motif variants and DNA binding mutations were generated using QuikChange Site-Directed Mutagenesis (Stratagene) . Full-length mouse Olig2, its various mutants, or eGFP were cloned into the pWZL-BLAST retroviral vector as previously described . Retroviruses were generated in 293T cells by transfection with packaging plasmids encoding VSVG, gag-pol, and the retroviral vector (pWZL) encoding the Olig2 construct of interest.
Secondary neurosphere assay. Olig2-null neural progenitor cells were transduced with retroviruses containing various mutants of Olig2. Transduced cells were selected with blasticidin for 7 d. Primary transduced neurospheres were dissociated into single cells and replated at 10 cells/l in 6-well plates for secondary neurosphere formation assays. Total viable cells were counted with hemocytometer using 0.2% trypan blue exclusion. The neurosphere images were taken using a 2ϫ objective on a Nikon Eclipse TE200.
Immunoblotting. Immunoblotting was performed according to standard protocols using rabbit polyclonal Olig2 antibody (Arnett et al., 2004) , monoclonal mouse Olig2 antibody (Arnett et al., 2004) , phospho Olig2 antibody , and antibodies directed against p21 (BD Biosciences Pharmingen), acetyl-p53 (Lys379, 2570, Cell Signaling Technology), phospho-p53 (Ser15, 9284, Cell Signaling Technology), total p53 (2524, Cell Signaling Technology), Olig1 (our laboratory), histone H3 (Ab1791, Abcam), p300 (05-257, Millipore), LDH (Ab103804, Abcam), Histone deacetylase 1 (Hdac1) (2062, Cell Signaling Technology), Metastasis-associated protein 2 (Mta2) (Ab8106, Abcam), Nuclear factor 1 (Nf1) (Ab72602, Abcam), and Vinculin (V9131, Sigma-Aldrich).
Chromatin immunoprecipitation (ChIP) . Mouse neural progenitor cells transduced with various mutants of Olig2 were plated at a density of 10 cells l and cultured on laminin-coated 6-well plates (Pollard et al., 2009) . Cells were crosslinked with 1% formaldehyde for 10 min at room temperature, and the reaction was quenched with 125 mM glycine for 5 min at room temperature. Cells were harvested in ice-cold PBS and sonicated in 300 l SDS lysis buffer. For immunoprecipitation, 50 l protein A Dynabeads (Invitrogen) were incubated with Olig2 or control antibody for at least 4 h at 4°C. Precleared chromatin and antibody-bound beads were incubated overnight at 4°C. Beads were washed six times in RIPA wash buffer and twice in tris-EDTA. After overnight reverse crosslinking at 65°C in reverse crosslinking buffer (200 mM NaCl, 1% SDS, and 0.1 M NaHCO 3 ), immunoprecipitated DNA was subjected to PCR cleanup (QIAGEN) and eluted in ddH 2 O. Chromatin-immunoprecipitated DNA was analyzed by quantitative PCR in a real-time PCR system (Applied Biosystems) using SYBR Green mix. Presented data are ⌬CT values normalized for WT promoter occupancy. The following primers were used: Egfr, 5Ј-GTGGTCCCAATTTCCTGCTG-3Ј and 5Ј-ATGGAGCTCATG-GACCTCATTG-3Ј; Fgfr3, 5Ј-TAGACCCCCACCGAAGTCAA-3Ј and 5Ј-GACTGTCTACCAGCACGCTT-3Ј; Wnt5a, 5Ј-TCTCGCTCT-GTTCTCTCTGGA-3Ј and 5Ј-CTTGAGCGGTTGATGGACAG-3Ј; p21 (Olig2), 5Ј-AGGTCAGCTAAATCCGAGGAGGAA-3Ј and 5Ј-TCCT-GCTTTGGAGAAGCTGTGAGT-3Ј; Tgf␤2, 5Ј-CTCCTGCAGCTCT-GTTGTGA-3Ј and 5Ј-TTTATTTCTTTGCTTGCTTGCTTT-3Ј; Epha2, 5Ј-ATCCCATTCACCCCACACAC-3Ј and 5Ј-GTCACCAGGCTTT CAGCTCT-3Ј; p21 (p53), 5Ј-GGTCCCTTGGATTTCCTTTC-3Ј and 5Ј-CTTCAATTCCAGGGCTGAAC-3Ј.
Quantitative PCR. For qPCR analysis, RNA was isolated using Trizol. After RNeasy Mini kit (QIAGEN) cleanup, 1 g of RNA was used for cDNA synthesis with Superscript III reverse transcriptase (Invitrogen). TaqMan assays were performed for target genes and controls (beta-actin and ubiquitin C) on 100ϫ diluted cDNA template.
ChIP library construction and sequencing. Library construction and sequencing on immunopurified DNA fragments and control (input) samples were performed according to standard guidelines of Bejing Genomics Institute. Briefly, the end repair of ChIP-enriched DNA was performed using T4 DNA polymerase, Klenow DNA polymerase, and T4 polynucleotide kinase to generate blunt ended fragments. The addition of 'A' bases was done using Klenow fragments (3Ј to 5Ј exo minus) to generate DNA fragments for ligation with adapters, which have single 'T' base overhangs at their 3Ј end. Adapters were ligated to the DNA fragments using DNA ligase. Adapter-modified DNA fragments were amplified by PCR (15 cycles) and size selected (200 Ϯ 25 bp) by running PCR products on 2% agarose gel and purifying using QIAGEN Gel Extraction Kit (QIAGEN). The libraries were validated, and clusters generated on flow cells were sequenced using a HiSeq 2000 analyzer (Illumina).
ChIP-Seq analysis. Sequence reads were aligned to the mouse genome (mm9) using Bowtie ("bowtie -m 1 -S"). Peak calling was performed using MACS2 (Model-based Analysis of Chip-Seq) using default parameters on alignment results. MACS2 indicated ChIP DNA fragment size as 136 bp for TPM, 167 bp for TPN, and 164 bp for WT. Predicted peaks were then assigned to genes within 30,000 bases of transcription start sites using Peak2Gene tool in the Cistrome platform . Motif analysis was performed in 600 bp windows with a p value cutoff of 0.001 on top 5000 peaks for WT, TPN, and TPM ChIP-Seq samples using SeqPos motif tool in Cistrome (He et al., 2010) . Quality control on sequencing reads was performed using FastQC. In addition, reads mapping ratio, redundant ratio (ratio of multiple reads mapped to the same genomic location), and conservation at predicted Olig2 binding sites were analyzed to further ensure ChIPSeq data quality.
RNA-Seq library preparation and sequencing. RNA was isolated from ϳ10 million cells using Trizol followed by RNeasy Mini kit (QIAGEN). Samples were subjected to hybridization with Locked Nucleic Acid probes specific for abundant ribosomal RNA molecules. Unwanted rRNA was separated using RiboMinus Magnetic Beads. The RiboMinusenriched RNA sample was then used for cDNA library preparation using GenomePlex Complete WGA Kit (Sigma). Each cDNA library was sequenced at the Dana-Farber Center for Cancer Computational Biology on an Illumina Genome Analyzer II following the manufacturer's protocol.
RNA-Seq analysis. Raw 50 bp paired-end sequence data were quality controlled with FastQC using Galaxy platform. Sequence reads were groomed and trimmed to increase per base sequence quality by Trim Sequences tool and Filter By Quality tool using a cutoff for quality score of Ͼ30. Sequences were mapped to NCBI37/mm9 using Tophat 1.4.1 with min anchor 8, splice mismatches 0, min report intron 50, max report intron 500,000, min isoform fraction 0.15, max multihits 20, segment length 19, segment mismatches 2, min closure exon 100, min closure intron 50, max closure intron 5000, min coverage intron 50, max coverage intron 20,000, min segment intron 50, and max segment intron 500,000 with the exception of segment length of half the average read length of cleaned data (Langmead et al., 2009) . Aligned reads were then processed by RNA-Seq analysis program Cufflinks using the Cistrome platform (Trapnell et al., 2010; . Assuming the total transcriptional activity is comparable between different datasets, the obtained data (data units in RPKM, reads per kilobase exon model per million mapped reads) were analyzed using Cuffdiff to find significant changes in transcript expression (settings: Perform quartile normalization and bias correction, FDR ϭ 0.05). The output file "gene differential expression testing" was used to sort for significant differentially expressed genes.
Electrophoretic mobility shift assay (EMSA). Double-tagged Olig2 protein was purified from Cos7 cells by immunoprecipitation with V5 antibody (Sigma) and V5 peptide (Sigma) elution, followed by immunoprecipitation with Ni-NTA beads (QIAGEN) and elution in 200 mM imidazole. Purified Olig2 protein was quantified by silver stain against known concentrations of BSA protein. Oligonucleotides used for EMSA were as follows: AGCTAATTTCCCAGATGGGCCAA and AGC TTTGGCCCATCTGGGAAATT (Hb9), AGCTAGAAGACAGCTGTT GGAAG and AGCTCTTCCAACAGCTGTCTTCT (Mycn). Oligonucleotides were annealed in annealing buffer (10 mM Tris HCl pH 7.5, 50 mM NaCl, 1 mM EDTA) using a thermocycler for 5 min at 95°C, and allowed to cool to room temperature for 1 h. Annealed probe was labeled with [␣-32 p] 6000 Ci/mmol dCTP (PerkinElmer) using Klenow (New England Biolabs). Radioactive DNA probe was incubated with 2 ng Olig2 protein in binding buffer (20 mM Tris-HCl pH 7.5, 5 mM MgCl 2 , 0.1% NP40, 0.5 mM DTT, 10% glycerol) for 30 min at 4°C. Protein:DNA complexes were analyzed on 4% nondenaturing PAGE for 30 min at 4°C. Subcellular fractionation. Primary mouse neural progenitor cells were centrifuged at 1000 rpm to collect cell pellets. Cell pellets were treated with hypotonic buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl) and centrifuged at 5000 ϫ g to collect nuclei. Supernatant was treated with 0.11 volume 10ϫ cytoplasmic extract buffer (0.3 M HEPES, 1.4 M KCl, 30 mM MgCl 2 ). Cell nuclei were incubated in mild salt buffer (20 mM HEPES, pH 7.9, 10% glycerol, 1.5 mM MgCl 2 , 0.2 mM EDTA, 150 mM KCl) for 10 min and rotated for 10 min at 4°C. The open nuclear protein fraction was collected by centrifugation at 10,000 ϫ g. Chromatin-bound proteins were extracted from the resulting pellet by incubation with 4 units/ml micrococcal nuclease (Sigma) in MNase buffer (20 mM Tris-HCl, pH 7.5, 100 mM KCl, 3 mM MgCl 2 , 1 mM CaCl 2 ) for 10 min on ice. The reaction was quenched by addition of 2 mM EDTA in buffer B (50 mM Tris-HCl, pH 7.5, 0.05% NP40, 100 mM KCl, 10% Immunofluorescence staining shows that ⌬Olig2 (green) maintains nuclear localization (DAPI, blue). Scale bar, 10 m. D, ⌬Olig2 was purified from Cos7 cells and incubated with radioactive DNA probe containing E-box element CAGATG from the Hb9 promoter. Olig2 WT shifts Hb9 probe in a dose-dependent matter. In contrast, ⌬Olig2 is not able to shift Hb9 probe. glycerol), followed by centrifugation at 20,000 ϫ g for 10 min to separate chromatin-bound proteins from the insoluble fraction. All buffers were supplemented with EDTA-free protease inhibitors (Roche), 1 mM NaVO 4 , 5 mM NaF, 1 mM Na 4 P 2 O 7 , 25 mM ␤-glycerophosphate, and 0.5 mM PMSF. Tandem affinity purification and mass spectrometry analysis. Subcellular fractions from Olig2-null mouse neural progenitor cells transduced with Flag and HA-tagged Olig2 were prepared as described above. Tandem affinity purification (TAP) was performed by M2 Flag affinity gelbased purification and 0.5 mg/ml 3ϫ Flag peptide (Sigma) elution in buffer B (see above), followed by HA affinity gel capture (Santa Cruz Biotechnology). Finally, protein complexes were eluted in 0.5 mg/ml HA peptide (Covance) in elution buffer (50 mM Tris-HCl, pH 7.5, 0.01% NP40, 100 mM KCl, 10% glycerol), and 10% of the eluted fraction was separated on SDS 4 -12% Bis-Tris polyacrylamide gradient gels (Invitrogen) and visualized by silver stain with Silver Quest staining kit (Invitrogen) (Nakatani and Ogryzko, 2003) . Purified protein complexes were analyzed by mass spectrometry as described previously (Ficarro et al., 2009; Adelmant et al., 2012) . Proteins identified across three independent tandem-affinity purifications were filtered against a list of contaminants identified in 108 negative control TAP experiments (Rozenblatt-Rosen et al., 2012) . Proteins identified in a control TAP experiment performed on extracts prepared from control WT cells were also removed. Finally, the list of specific Olig2 binding partners was annotated to identify proteins associated with the GO term "regulation of transcription, DNA-dependent" (GO 0006355) and its children.
Immunoprecipitation. Olig2-null mouse neural progenitor cells were transduced with a retrovirus encoding V5-tagged Olig2 constructs. Subcellular fractions were generated as described above, and each fraction was incubated with V5 (Sigma) or Myc (Sigma) antibodies overnight at 4°C. Antibody-bound fractions were washed four times in buffer B (see above) over a bio-spin column (Bio-Rad) and incubated with 0.5 mg/ml V5 peptide for 30 min at 4°C. Immunopurified fractions were collected by centrifugation at 5000 ϫ g for 1 min at 4°C and size-separated by standard SDS-PAGE followed by immunoblotting.
Endogenous pulldown from mouse neural progenitor cells was performed using protein A Dynabeads (Invitrogen) incubated with antibodies directed against Hdac1 (Ab7028, Abcam), Mta2 (Ab8106, Abcam), or control rabbit IgG (12-370, Millipore). Beads were washed twice in buffer B and once in buffer B supplemented with 300 mM KCl. After washing, protein complexes were eluded from the beads with 1ϫ SDS-PAGE sample buffer.
Immunofluorescence. Mouse neural progenitor cells transduced with retrovirus encoding various Olig2 constructs were plated on poly-Lornithine coated coverslips in 24-well plate at 20 cells/l per well. After 72 h, cells were fixed with 4% paraformaldehyde. Coverslips were incubated with 5% normal goat serum (NGS) and 0.2% Tween 20. Primary antibody solutions were applied for 1 h at room temperature, followed by secondary antibody staining for 30 min at room temperature, and briefly exposed to DAPI for nuclear staining. Coverslips were mounted on slides with fluoromount G and analyzed with a Zeiss Axio Observer Z1.
Proximity ligation assay. Cells were seeded on laminin-coated coverslips at a density of 20 cells/l in 24-well plates in growth factor containing media. The following day, media was removed and wells were rinsed twice with PBS to remove any residual growth factors. Fresh media containing DMEM, F12, and B27 supplement without N2 supplement or growth factors was added. After 16 h, cells were fixed with 4% PFA for 10 min. The coverslips were then rinsed twice with PBS and blocked for 35 min at room temperature in blocking buffer containing 5% NGS and 0.2% Triton X-100 in PBS. The coverslips were incubated with rabbit polyclonal Olig2 antibody (Arnett et al., 2004) and mouse monoclonal p53 antibody (2524, Cell Signaling Technology). The next day, coverslips were incubated with Duolink PLA Rabbit Plus and PLA Mouse Minus proximity probes (Olink Bioscience), and proximity ligation was performed using Duolink Red detection reagents as per the manufacturer's protocol. Fluorescence was detected using Leica TCS SPE confocal microscope. Z-section images were acquired using the Leica digital camera and LAS AF software. Z-stack images were reconstructed using maximum projection to obtain all proximity ligation assay (PLA) foci distributed throughout the nucleus. Individual foci were counted using ImageJ software. Total number of fluorescent signal from proximity ligation were counted per image and divided by the total number of nuclei to obtain the total foci/nucleus value. Experiments were repeated three times, and for each condition between 80 and 400 nuclei were counted.
Statistical analysis. For each experiment, data were collected from at least three biological repeats and analyzed by one-way ANOVA with post hoc Tukey test or Student's t test, as indicated.
Results
Promitogenic, anti-p53 functions of the N-terminal triple phosphoserine motif in Olig2 require E-box binding To determine whether the promitogenic and/or anti-p53 functions of the triple phosphoserine motif depend on Olig2 DNA binding, we mutated a single amino acid in the basic domain of Olig2 (N114H or ⌬Olig2; Fig. 1A ). We used retroviral expression vectors to reintroduce either WT Olig2 or ⌬Olig2 into proliferating Olig2-null neural progenitor cells. As shown by immunoblot analysis with a pan-Olig2 antibody, ⌬Olig2 is expressed at levels comparable with WT Olig2 (Fig. 1B) . Moreover, immunoblotting with a specific antibody targeted to the triply phosphorylated serine motif showed that the triple serine motif on the ⌬Olig2 mutant is phosphorylated at levels comparable with WT Olig2 (Fig. 1B) . In addition, ⌬Olig2 is correctly targeted to the cell nucleus as shown by immunofluorescence staining with the pan-Olig2 antibody (Fig. 1C) . However, as shown by EMSA, ⌬Olig2 cannot bind to canonical E-box promoter/enhancer elements (Fig. 1D) . The transduced neural progenitor cells together with vector controls were then challenged with ␥ irradiation. Total cells in irradiated and control cultures were counted at 6 d after irradiation. As shown (Fig. 2 A, B) , WT Olig2 protects from ␥ irradiation as noted previously , but ⌬Olig2 does not. On a mechanistic level, WT Olig2, but not ⌬Olig2, suppresses the interaction of p53 with the p21 promoter as shown by ChIP-PCR assay (Fig. 2C) . We note that ⌬Olig2 actually promotes the p53: p21 interaction compared with eGFP control cells. A potential mechanism whereby ⌬Olig2 extends its effects to Olig2 dimerization partners might be in play here.
To further probe the link between amino terminal phosphorylation and Olig2 transcriptional functions, we cloned the DNA binding mutation into Olig2 constructs containing a WT, triple phospho-null (TPN) or triple phospho-mimetic (TPM) element at the N-terminal. These various constructs were transduced into Olig2-null neural progenitors, and the resulting cell lines were assessed for proliferation in culture. As shown in Figure 3A , B, the phosphorylation state of the N-terminal triple serine motif is irrelevant to cell proliferation when Olig2 cannot bind to E-box elements. Collectively, these studies show that the promitogenic and anti-p53 functions of the triple phosphorylation motif noted in previous studies are intimately linked to the ability of Olig2 to recognize canonical E-box promoter/enhancer elements.
Differential expression profiles dictated by TPN and TPM mutants of Olig2
Does the phosphorylation state of the triple serine motif impact gene expression? To address this question, we again used Olig2-null neural progenitors that had been transduced with the WT, TPN, or TPM variants of Olig2 (Fig. 4A ). Cells were cultured in the presence of EGF and bFGF, and expression profiles were then captured by RNA-Seq. Relative to Olig2 TPN-expressing progenitors, we identified 526 genes that were repressed by the Olig2 TPM mutant and another 400 genes that were upregulated ( Fig. 4B ; raw data in FASTQ format are available on NCBI Sequence Read Archive, accession number SRP040688). A subset of target genes identified by RNA-Seq as being activated by Olig2 TPM is associated with enhanced growth/proliferation (Doetsch et al., 2002; Young et al., 2010) . The activation of this subset by Olig2 TPM was independently validated by quantitative PCR (Fig. 4E, red) . Likewise, we used quantitative PCR for independent validation of a subset of target genes that are potentially antiproliferative (Aoki et al., 2004; Roussa et al., 2006) and are repressed by Olig2 TPM (Fig. 4E, blue) . The latter list includes the p53-response gene, p21, shown previously to be repressed by Olig2 TPM relative to TPN . We conclude that the phosphorylation state of the amino terminal motif regulates the expression profile of Olig2 target genes in ways that are consistent with the promitogenic function of phosphorylated Olig2.
Target gene binding is unaffected by Olig2 triple phosphorylation
To determine whether Olig2 phosphorylation regulates gene expression through differential binding to its target genes, we performed genome-wide ChIP-Seq analysis on the WT, TPM, and TPN cell lines. Of note, our high-affinity pan-Olig2 antibody used for the ChIP step of this work reacts equally well with all three variants of Olig2 (data not shown). The absolute number of target genes detected in ChIP protocols is somewhat arbitrary and contingent upon thresholds set for peak calling. Using an established peak-calling algorithm (Feng, et al., 2012) , we arrived at a list of candidate target genes where more than half of the TPN/TPM differentially expressed genes from Figure 4B are encoded by loci that also possess Olig2 binding sites (Fig. 4C) . As with our RNA-Seq data, the full cohort of Olig2 binding genes detected by ChIP-Seq is available online in the NCBI Sequence Read Archive (accession number SRP040688).
As shown in Figure 4D , Ͼ80% of the TPN direct target genes are shared by TPM. To validate the ChIP-Seq dataset, we performed directed ChIP-PCR on a subset of genes that are differentially expressed in the TPN cells relative to TPM. As shown in Figure 4E , six genes, which are clearly differentially regulated in Cells were plated at 10 cells l in 6 well plates, and representative images were taken 6 d after plating. Scale bar, 100 m. B, Cell counts from neurosphere assays were normalized to control (eGFP). Inset, Total and phospho-Olig2 protein levels in all cell lines analyzed. Data represent average from three independent repeats. tOlig2, Total Olig2; pOlig2, phospho-Olig2. Error bar indicates SD. p Ͻ 0.001 (one-way ANOVA). **p Ͻ 0.01 (Tukey's multiple-comparisons test). ***p Ͻ 0.001 (Tukey's multiple-comparisons test). n.s., Not significant.
TPM cells relative to TPN, show no difference in target gene DNA-binding between TPN and TPM.
The bHLH group of transcription factors typically recognizes the E-box motif (CANNTG) in promoter/enhancer regions of their target genes. In a final test of whether Olig2 phosphorylation changes target gene binding, we analyzed direct protein:DNA interaction using EMSAs. Our ChIP-Seq data suggest that the preferred E-box for Olig2 in mouse neural progenitor cells is CAGCTG (data not shown). We constructed a gel mobility shift probe containing this preferred E-box derived from the Mycn promoter region. We also constructed a second probe containing a variant E-box (CATCTG) from the Hb9 promoter, a biologically relevant target of Olig2 in the developing spinal cord (Lee et al., 2005) . As indicated in Figure 5 , purified Olig2 TPN and TPM show comparable affinity for the Hb9 and Mycn probes and no interaction with negative control probes that had been mutated so as to disrupt the canonical E-box elements.
As noted in Figure 4D , whole-genome ChIP-Seq did show a small percentage of Olig2 binding sites (ϳ20%) that interact differentially with TPM and TPN. We selected 24 of these sites for closer scrutiny by ChIP-PCR. The dedicated ChIP-PCR studies validated all 24 of these sites as DNA binding targets for Olig2 but did not support differential binding by Olig2 TPM and TPN (data not shown). Collectively, these data demonstrate that phosphorylation of the amino terminal motif does not alter the ability of Olig2 to recognize and interact with canonical E-box elements on target genes.
Triple phosphorylation motif regulates intranuclear compartmentalization
Eukaryotic chromatin exists in two states: open and condensed. These two compartments, and their associated proteins, can be resolved one from the other by salt extraction and enzymatic digestion (Sanders, 1978) . The most soluble fraction contains highly accessible chromatin that is transcriptionally active (Davie and Saunders, 1981; Rocha et al., 1984; Henikoff et al., 2009) . Transcription factors, their coregulators, and RNA polymerase II are mainly associated with the open chromatin fraction (Kamakaka and Kadonaga, 1994; Orphanides and Reinberg, 2000; Mito et al., 2005) .
To determine whether the phosphorylation state of the triple serine motif modulates intranuclear compartmentalization of Olig2, we lysed WT neural progenitor cells in hypotonic buffer to separate cytosol from nuclei. Nuclear proteins were further resolved into open and chromatin-bound pools by fractionation with mild salt buffer and micrococcal nuclease. As indicated (Fig. 6A) , total Olig2 is evenly distributed over both intranuclear protein fractions. However, immunoblotting with the phosphorylation state-specific antibody shows that the ratio of phosphorylated Olig2 to total Olig2 is dramatically different in the two nuclear compartments, with phosphorylated Olig2 being enriched in the open compartment (Fig. 6B) . We confirmed the impact of the phosphorylation motif on intranuclear localization of Olig2 by transducing Olig2-null neural progenitor cells with Olig2 TPN or TPM. As shown in Figure 6C , the TPM/TPN Olig2 ratios are again quite different in the two nuclear compartments with Olig2 TPM being enriched in the open compartment. Sequencing results were directly compared using Cuffcompare, part of Cufflinks (Trapnell et al., 2010) . Genes shown are upregulated or downregulated between TPN and TPM in a statistically significant manner. C, A majority of phosphorylation statedependent genes are direct target genes of Olig2. Olig2 WT cell lysates were processed for ChIP with total-Olig2 antibody. 
Phosphorylated Olig2 and nonphosphorylated Olig2 have differential access to compartment-specific coregulator proteins
In complex with E-box elements, dimers or heterodimers of bHLH transcription factors associate with coregulator proteins to regulate expression of their target genes. To identify potential Olig2 coregulator proteins, we transduced Olig2-null mouse neural progenitor cells with a doubly tagged (FLAG and HA) Olig2 WT construct (Nakatani and Ogryzko, 2003) . Using tandem affinity purification, we obtained highly purified preparations of Olig2 and associated proteins (Fig. 7A) . Importantly, this material was prepared from cell nuclei that had been processed to include proteins from both the open and condensed chromatin fractions. Proteins associated with Olig2 in the antibody pulldown preparations were identified by mass spectrometry. To identify high-confidence Olig2 binding partners, we only considered proteins identified in at least 2 of 3 purifications. We further excluded proteins identified in a control purification performed during this study, as well as any protein identified in Ͼ1% of a large set of negative control TAP experiments. To focus on Olig2 binding partners involved in transcription, we further restricted this candidate list to proteins annotated as DNA-dependent transcriptional regulators.
As indicated in Table 1 , the high-confidence Olig2 interactors include Hdac1 and multiple other members of the nucleosome remodeling and histone deacetylase (NuRD) complex. Transcription repressor functions are implemented by the NuRD complex (Lai and Wade, 2011). The NuRD complex is relevant to Olig2 transcriptional functions because key developmental responses to Olig2 are channeled through its activity as a repressor of gene expression (Mizuguchi et al., 2001; Novitch et al., 2001; Zhou et al., 2001) . In particular, suppression of gene transcription requires histone deacetylases (Hdacs) (Carew et al., 2008; Haberland et al., 2009) factors that promotes the terminal differentiation of astrocytes during development. Olig2 opposes the proastrocytic function of Nf1a and prior studies by Deneen et al. (2006) suggest that this oppositional relationship may reflect a direct physical interaction. For validation of the Table 1 dataset, we focused on Nf1 and two members of the NURD complex, Hdac1 and Mta2 (Zhang et al., 1999) . Endogenous interaction of Olig2 with Hdac1 and Mta2 was independently confirmed by coimmunoprecipitation (Fig.  7B) . Furthermore, Hdac1 is preferentially localized in the open compartment of our neural progenitor cells, whereas Nf1 is localized exclusively to the condensed chromatin fraction (Fig. 7C) . We performed coimmunoprecipitation experiments with HA or control IgG and confirmed that Olig2 in the open fraction binds to Hdac1, whereas Olig2 in the chromatin fraction interacts with Nf1a (Fig. 7D) . These data indicate that key Olig2 coregulator proteins are differentially sequestered to open and condensed chromatin wherein, as a consequence, they enjoy differential access to phosphorylated and nonphosphorylated Olig2.
Intranuclear compartmentalization of Olig2 is developmentally regulated
Studies summarized in Figure 8 highlight developmental relevance of Olig2 compartmentalization and shed light on the role of phosphorylation in the anti-p53 functions of Olig2. Figure 8A recapitulates previous observations on developmental control of Olig2 phosphorylation . As indicated, phosphorylation of Olig2 undergoes a dramatic decrease when cycling progenitor cells are plated in factor-free medium and allowed to differentiate. Against this backdrop, the phosphorylation state of Olig2 in terminally differentiated, myelinating oligodendrocytes of the postnatal spinal cord resembles that of differentiating progenitor cells, rather than cycling progenitors. The list shows the subset of Olig2 binding partners involved in regulation of transcription (GO 0006355 and children). Columns 3-5 represents the number of peptides specific to the indicated protein that was identified in each pulldown. Score: ϩϩϩ, detected in 3 of 3 repeats; ϩϩ, detected in 2 of 3 repeats. Members of the NuRD complex.
As shown in Figure 8B , the phosphorylation state of Olig2 correlates with intranuclear compartmentalization. Virtually all of the Olig2 in differentiating progenitor cell cultures and in postnatal spinal cord is found within the condensed chromatin fraction. By contrast, Olig2 in the cycling progenitor cells is evenly partitioned between the open and condensed chromatin fractions (as shown also in Fig. 6A wherein the nuclear extracts were likewise prepared from cycling progenitor cells).
The p53 protein is found within the open chromatin compartment of all three sample sets (Fig. 8B) . Notably, p53 is conspicuous by its absence in the list of Olig2 interacting proteins identified by TAP pulldown (Table 1) . The failure to capture p53 in Olig2 immune precipitates is consistent with previous studies wherein exhaustive efforts to demonstrate an Olig2:p53 protein complex by antibody pulldown protocols were unsuccessful . PLAs constitute an alternate approach to visualization of protein:protein relationships (Fredriksson et al., 2002) . In PLA assays, antibodies to a protein pair of interest enable formation of a duplex oligonucleotide template. DNA polymerase can then amplify this template, and the DNA product can be visualized by hybridization to complementary fluorescencelabeled oligonucleotides. However, the key to the assay is that the protein pairs recognized by the antibodies must be within ϳ30 nm of each other to enable formation of the oligonucleotide template (Soderberg et al., 2006) . As indicated in Figure 8C , antibodies to p53 and Olig2 are reactive in PLA assays in cycling neural progenitors but not in differentiating neural progenitors.
Collectively, these data suggest that phosphorylated Olig2 in cycling neural progenitors is in a transcriptionally active nuclear compartment where it comes into close proximity to p53. Conversely, dephosphorylated Olig2 as seen in differentiating neural progenitors, and mature white matter is sequestered within in a relatively inert compartment of condensed chromatin.
Discussion
Transcription factors with bHLH domains play a pervasive role in the fate-choice decision of neural progenitors to replicate or to exit the cell cycle and differentiate (Ross et al., 2003) . Most neurogenic bHLH transcription factors are expressed only at early stages of development. However, the bHLH transcription factor Olig2 is an exception to this rule. Early expression of Olig2 in cycling oligodendrocyte progenitor cells is maintained throughout development and sustained in terminally differentiated, myelinating oligodendrocytes (hence the name "Olig") Zhou et al., 2000) . Clearly, the functions of Olig2 in cycling neural progenitors must be suppressed in terminally differentiated oligodendrocytes. How is this achieved? In studies summarized here, we show that a developmentally regulated phosphorylation event specifies intranuclear localization of Olig2 into open chromatin or into condensed chromatin. Decisions to promote or suppress gene transcription are made in open chromatin, whereas condensed chromatin is transcriptionally inert (Weintraub and Groudine, 1976; Bloom and Anderson, 1978; Simonis et al., 2006; Patel et al., 2013) . Thus, the dephosphorylation of Olig2 that occurs in postnatal white matter (Fig.  8A ) could serve to attenuate transcriptional functions by moving Olig2 into condensed chromatin.
As indicated in Figures 4 and 5, the phosphorylation state of Olig2 has little, if any, impact on target gene binding. However, our ChIP-Seq analysis of Olig2 WT, TPN, and TPM in cycling neural progenitor cells adds to a prior database on Olig2 target elements and transcription functions. Previously, Olig2 WT ChIP-Seq experiments have been performed in motor neuron progenitor cells and oligodendrocyte progenitor cells (Mazzoni et al. 2011; Yu et al., 2013) . Olig2 has traditionally been known as transcriptional repressor because of its function in the developing CNS (Novitch et al., 2001; Lee et al., 2005) . Specifically, by repressing Hb9 gene expression, the replication-competent state of motor neuron progenitors is sustained in the developing spinal cord (Lee et al., 2005) . Importantly, by combining our ChIP-Seq study with RNA sequencing, we do not see a bias for direct target genes that are transcriptionally repressed. Thus, we propose that Olig2 can function both as a transcriptional repressor and activator in neural progenitor cells. Our ChIP-Seq/RNA-Seq data identify a subset of promitogenic genes that are direct targets of Olig2 and are upregulated by Olig2 TPM. At the same time, the data highlight a second set of antiproliferative direct target genes that are repressed by Olig2 TPM. In the context of stimulating or suppressing gene expression in the open chromatin compartment, the Olig2 interaction with Nf1a in the transcriptionally inert condensed chromatin chromatin fraction is of some interest. As noted above, Olig2 opposes the proastrocytic function of Nf1a (Deneen et al., 2006) . It is tempting to speculate that dephosphorylated Olig2 suppresses Nf1a transcription functions by binding to the protein and sequestering it within transcriptionally inactive chromatin.
Most members of the bHLH transcription factor family function in a dimeric state. The choice of dimerization partner de-A B C Figure 8 . Developmentally regulated localization of Olig2 protein controls close proximity with p53. A, Mouse neural progenitor cells were cultured in cycling (T0) or differentiating (16 h after growth factor withdrawal, T16) conditions. In addition, spinal cord was dissected from adult mice (three weeks, 3W) to obtain a mature white matter sample. After subnuclear fractionation of cell and tissue lysates, phosphorylated and total Olig2 levels were assessed in the open compartment. B, Subnuclear fractions of cell and tissue lysates as in A were analyzed for total Olig2 and p53 protein distribution in open and condensed compartment. Histone H3 is used as a marker for the condensed fraction. C, Olig2-null and Olig2 WT mouse neural progenitor cells were cultured under cycling (T0) and differentiating (T16) conditions on laminin-coated coverslips. Proximity ligation with mouse p53 and rabbit Olig2 antibody and appropriate secondary antibodies was performed to count total foci per cell nucleus as shown in the bar graph. ***p Ͻ 0.001 (unpaired t test, two-tailed).
pends on developmental stage and tissue type. Cell type-specific bHLH proteins, such as Olig2 (termed class B factors), often form heterodimers with ubiquitously expressed class A bHLH proteins such as E12/E47 (also known as Tcf3) (Ross et al., 2003) . In addition, bHLH transcription factors can heterodimerize with Id proteins (possessing the HLH motif but lacking the canonical basic domain) so as to inhibit their transcription functions. Prior studies have shown that that Olig2 can heterodimerize with all of these above named factors and also function in a homodimeric state. However, most of the published interactions with Olig2 have been identified through Cos7 cell overexpression protocols or via yeast two-hybrid trapping assays (Meijer et al., 2012) . Here, we used TAP followed by mass spectrometry to identify two bHLH proteins as potential interacting partners for Olig2 in mouse neural progenitor cells, namely, Tcf12 (class A) and Olig1 (Table 1) . Proteins in the bHLH transcription factor family frequently interact with homeodomain proteins to regulate tissuespecific development (Poulin et al., 2000; Babu et al., 2008; Makarenkova et al., 2009) , and our TAP pulldown assays identify the homeodomain proteins Adnp and Hdx as potential Olig2 coregulators. Homeodomain protein Nkx2.2, a well-established binding partner of Olig2 in the neural tube (Sun et al., 2003) was not detected in our TAP pulldowns. The absence of Nkx2.2 most likely reflects context because Nkx2.2 is not expressed in cycling neural progenitor cells (Qi et al., 2001) . Our Olig2 TAP pulldowns also identified Rcor2, a very interesting transcription corepressor that just failed to make the Table 1 list "high confidence" interactors (data not shown). Recent studies have shown that Rcor2 functions downstream of Olig2 and can replace the essential functions of Olig2 in formation of human glioma tumor initiating cells (Suva et al., 2014) . The studies of Suva et al. (2014) indicate that Olig2 binds to upstream promoter/enhancer elements of Rcor2, an observation confirmed in our whole-genome ChIP-Seq assays. In our mouse neural progenitors, however, we could not detect differential expression of Rcor2 in wild-type and Olig2-null cells.
Finally, the distribution of Olig2 within two distinct nuclear compartments sheds light on the mechanism underlying an oppositional relationship between Olig2 and p53 . In both normal and malignant neural progenitors, Olig2 suppresses p53-mediated responses to radiation and genotoxic drugs , and these anti-p53 functions are exerted by the phosphorylated form of Olig2 . How does the phosphorylation state of the Olig2 triple serine motif (located Ͼ100 amino acids proximal to the DNA-targeting bHLH motif) regulate p53 functions? To date, there has been no evidence that the anti-p53 activity of phosphorylated Olig2 is actually linked to its function as an E-box binding transcription factor. For example, key genetic functions of the p53 protein are regulated by acetylation (Barlev et al., 2001; Li et al., 2002) , and a differential acetylation state of p53 was noted in wild-type relative to Olig2-null neural progenitors. This differential acetylation state would be consistent with a model wherein Olig2 simply competes with p53 for an important coregulator protein that facilitates acetylation .
As shown in Figure 8 , a key role of phosphorylation is to localize Olig2 to the open chromatin compartment where p53 is also sequestered. Beyond placing Olig2 into the same nuclear compartment as p53, the proximity ligation assay results indicate that Olig2 and p53 are very close to each other (within 30 nm) in the open chromatin compartment. As shown in Figure 2 , the anti-p53 functions of Olig2 clearly require a form of the protein that can recognize canonical E-box promoter/enhancers and bind to them. Putting these observations together, a model can be envisioned wherein promoter/enhancer elements for p53 and Olig2 are colocalized to common genetic targets. Phosphorylated Olig2 in complex with an Hdac protein as shown in Figure 7 could suppress expression of the gene that p53 is attempting to activate. At the same time, the Hdac activity associated with Olig2 could deacetylate nascent p53. In accord with this model, a canonical p53 binding site in p21 is bracketed by a pair of E-box elements located within a few hundred base pairs to either side (Ligon et al., 2007) .
Data from multiple laboratories (Lu et al., 2001; Marie et al., 2001; Bouvier et al., 2003; Ohnishi et al., 2003; Ligon et al., 2004) plus the TCGA consortium (Cancer Genome Atlas Research Network, 2008) document expression of OLIG2 in human glioma. Beyond merely marking glioma cells, OLIG2 is essential for intracranial tumor formation with genetically relevant murine models of glioblastoma (Ligon et al., 2007) and with freshly isolated human glioma cells . Finally, OLIG2 is expressed only within the CNS and only within a selected subset of cells in the CNS Zhou et al., 2000) . For all these reasons, small-molecule inhibitors of Olig2 function might serve as attractive therapeutics for glioma. Transcription factors per se are generally unattractive targets for drug development because their functional interactions with DNA and coregulator proteins involve large surface areas. Data shown here document the essential role of phosphorylation as an enabler of Olig2 transcription functions, and protein kinases lend themselves readily to drug development. In the fullness of time, the protein kinase(s) that phosphorylate Olig2 might serve as surrogate targets for drug discovery and development.
